Abstract. The AMP-activated protein kinase (AMPK) activator 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) modulates cellular energy metabolism, and promotes mitochondrial proliferation and apoptosis. Previous studies have shown that AICAR has anticancer effects in various cancers, however the roles of AMPK and/or the effects of AICAR on osteosarcoma have not been reported. In the present study, we evaluated the effects of AICAR on tumor growth and mitochondrial apoptosis in human osteosarcoma both in vitro and in vivo. For in vitro experiments, two human osteosarcoma cell lines, MG63 and KHOS, were treated with AICAR, and the effects of AICAR on cell growth and mitochondrial apoptosis were assessed by WST assays, TUNEL staining, and immunoblot analyses. In vivo, human osteosarcoma-bearing mice were treated with AICAR, and the mitochondrial proliferation and apoptotic activity in treated tumors were assessed. In vitro experiments revealed that AICAR activated AMPK, inhibited cell growth, and induced mitochondrial apoptosis in both osteosarcoma cell lines. In vivo, AICAR significantly reduced osteosarcoma growth without apparent body weight loss and AICAR increased both mitochondrial proliferation and apoptotic activity in treated tumor tissues. AICAR showed anticancer effects in osteosarcoma cells through an AMPK-dependent peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α)/mitochondrial transcription factor A (TFAM)/mitochondrial pathway. The findings in this study strongly suggest that AICAR could be considered as a potent therapeutic agent for the treatment of human osteosarcoma.
Introduction
Osteosarcoma is the most common primary malignant bone tumor in adolescents and young adults. Currently, the most effective therapeutic option for the osteosarcoma is surgical resection of all clinically detectable sites with systemic therapy to control microscopic metastatic disease. Many studies have reported significant advances in adjuvant chemotherapy for osteosarcoma (1, 2) , however, in the last two decades, treatment outcomes for patients with osteosarcoma have not improved sufficiently, despite the implementation of several new therapeutic interventions. In a comprehensive analysis of published phase I/II clinical trials, researchers found that effective drugs tended to have high toxicity (3) . Therefore, new therapeutic strategies for the treatment of osteosarcoma are needed.
Mitochondria are cytoplasmic organelles that play essential roles in cellular energy metabolism and programmed cell death (4) , and regulation of both mitochondrial dysfunction and associated cellular biogenetics has recently been identified as a promising target for anticancer therapy (5) . Moreover, quantitative changes in mitochondrial numbers have been observed in various cancers, with a decrease in hepatocellular carcinoma, renal cell carcinoma, advanced gastric cancer and breast cancer (6) (7) (8) (9) (10) (11) and with an increase in head and neck cancers, ovarian cancer, and esophageal squamous cell carcinoma (12) (13) (14) . Additionally, decreased mitochondrial numbers have been reported to be associated with tumor progression and prognosis in patients with hepatocellular carcinoma and breast cancer (6, 7) . We previously reported that mitochondrial numbers were significantly reduced in human sarcoma tissues, including osteosarcoma, compared with that in normal muscles or benign musculoskeletal tumor tissues, and that decreased mitochondrial numbers may be associated with tumor progression in musculoskeletal malignancies (15) . In mitochondrial biogenesis, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) regulates the transcription of the gene coding mitochondrial transcription factor A (TFAM), which reflects the changing levels of mitochondrial dNA (mtdNA) in the cell, and plays a crucial role in mtdNA maintenance (16) . We have recently reported that increasing mitochondrial numbers by forced expression of PGC-1α could induce mitochondrial apoptosis in human sarcoma cell lines (15) , and the findings suggested that mitochondrial biogenesis and/or numbers could be a therapeutic target for human sarcomas. 5-Aminoimidazole-4-carboxiamide ribonucleotide (AICAR) is widely used as a pharmacologic activator of the energy-regulating enzyme AMP-activated protein kinase α (AMPKα) (17, 18) . AICAR has been also reported to stimulate mitochondrial biogenesis via PGC-1α activation in skeletal muscles (19) and to be an exercise mimetic (20) . based on these previous studies, we hypothesized that AICAR could increase PGC-1α expression through AMPK activation and could induce mitochondrial apoptosis through the PGC-1α/TFAM/mitochondrial pathway in tumor tissues similarly to muscle tissues. Moreover, we expected that AICAR may show anticancer effects in osteosarcoma cells. Therefore, in this study, we evaluated the effects of AICAR on apoptotic activity through AMPK phosphorylation in human osteosarcoma cells both in vitro and in vivo.
AICAR induces mitochondrial apoptosis in human osteosarcoma cells through an AMPK-dependent pathway

Materials and methods
Reagents. AICAR was obtained from Abcam (Cambridge, UK) (ab120358, Lot: APN12423-1-1; ) for cell experiments, and LC Laboratories (Woburn, MA, USA) (A-1098, Lot: ACR-101) for animal experiments. AICAR was dissolved in distilled water and immediately stored at -20˚C. This stock solution was diluted in culture medium for in vitro or saline for in vivo experiments, immediately before use.
Cells. Two human osteosarcoma cell lines (MG63 and KHOS) were used in this study. MG63 cells were obtained from the RIKEN BRC through the National Bio-Resource Project of the MEXT (Ibaraki, Japan), and KHOS cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). both cell lines were routinely cultured in dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FbS) and 100 U/ml penicillin/streptomycin solution (all from Sigma-Aldrich, St. Louis, MO, USA) at 37˚C in a humidified 5% CO 2 atmosphere. For all experiments, we used dMEM containing 10% FBS without the antibiotic solution.
Animal studies. All animal experiments were approved by Kobe University Animal Experimentation Regulations (permission no. P-140504). Male bALb/c nude mice, aged 5 weeks, were purchased from CLEA Japan Inc. (Tokyo, Japan) and were maintained in a facility under specific pathogen-free conditions. Animals were fed pathogen-free laboratory chow and allowed free access to autoclaved water in an air-conditioned room with a 12-h light/dark cycle. For in vivo experiments, both MG63 and KHOS osteosarcoma cells were implanted into the dorsal, subcutaneous area of mice (n=12 for each cell line) at a dose of 2.0x10 6 cells in 500 µl phosphate-buffered saline (PbS), as previously described (21) , and mice were randomly divided into two groups: the AICAR-treated group (n=6 for each cell line) and the control group (n=6 for each cell line). Treatment with 450 mg/kg AICAR or saline (as a control) by intraperitoneal injection was started after 1 week of cell implantation and was performed every day for 2 weeks. Tumor volume was calculated twice a week, as previously described, according to the formula V=π/6xa 2 xb, where a and b represent the shorter and longer dimensions of the tumor, respectively (21) . The body weight of each mouse was also monitored throughout the experiment. At the end of the experiment, all tumors were excised and immediately stored at -80˚C, and mitochondrial proliferation and apoptotic activity in tumor tissues were evaluated by flow cytometry, immunoblotting, and immunofluorescence staining.
Immunoblot analysis. Cell lysates were extracted from cells or implanted tumors using whole cell lysis buffer (Mammalian Protein Extraction reagent; Thermo Scientific, Rockford, IL, USA) and protein content was quantified using BCA protein assay reagent (bio-Rad, Hercules, CA, USA). Samples containing equal amounts of protein were electrophoresed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) on 7.5-15% gradient gels and transferred to polyvinylidene fluoride membranes. After blocking, membranes were incubated overnight at 4˚C with primary antibodies in CanGet Signal Solution 1 (Toyobo Co., Ltd., Osaka, Japan). The following primary antibodies were used in this study: anti-human phospho-AMPKα (Thr172) antibody (1:1,000) (2531S, Lot: 12), anti-human AMPKα antibody (1:1,000) (2532S, Lot: 19) (both from Cell Signaling Technology, danvers, MA, USA), anti-human PGC-1α antibody (1:1,000) (H000110891-M12, Lot: 08162-3G11), anti-human TFAM antibody (1:1,000) (H00007019-b01P, Lot: E1281) (both from Abnova, Walnut, CA, USA), anti-human poly(AdP-ribose) polymerase (PARP) antibody (1:1,000) (9542S, Lot: 13), anti-human cleaved PARP antibody (1:1,000) (5625S, Lot: 8), anti-human caspase-3 antibody (1:1,000) (9668S, Lot: 7), antihuman cleaved caspase-3 antibody (1:1,000) (9664S, Lot: 20), anti-human caspase-9 antibody (1:1,000) (9502S, Lot:8), antihuman cleaved caspase-9 antibody (1:500) (7237S, Lot: 1) (all from Cell Signaling Technology), and anti-human α-tubulin antibody (1:10,000) (T9026, Lot: 092M4792; Sigma-Aldrich). After washing, membranes were incubated with the appropriate secondary antibody conjugated to horseradish peroxidase and were exposed with ECL Plus Western blot detection system reagents (GE Healthcare biosciences, Piscataway, NJ, USA), and protein expression was detected using a Chemilumino Analyzer LAS-3000 mini (Fujifilm, Tokyo, Japan). Membranes were reprobed with anti-human α-tubulin antibody (SigmaAldrich) to confirm equal protein loading. Positive bands in immunoblot analyses were semiquantified by densitometrical analyses using the ImageJ software (version 1.47; NIH, Bethesda, MD, USA) (http://rsbweb.nih.gov/ij/download.html). Values were normalized against α-tubulin and presented as a ratio.
Quantitative real-time polymerase chain reaction (qPCR).
To evaluate mitochondrial numbers in AICAR-treated osteosarcoma cell lines, we examined the relative amount of mtdNA to nuclear dNA (ndNA). Genomic dNA was isolated from the cells using a GenElute Mammalian Genomic dNA Miniprep kit (Sigma-Aldrich). The sequences of the primers designed to amplify a region corresponding to nn 16-408 of a d-loop of human mtdNA were as follows: 5'-GCAGATTTGGGTACCAC CCAAGTATTGACTCACCC-3' (forward) and 5'-GCATGGAG AGCTCCCGTGAGTGGTTAATAGGGTGATAG-3' (reverse). The PCR conditions were as follows: 1 cycle at 95˚C for 15 min, followed by 30 cycles at 95˚C for 30 sec, 58˚C for 30 sec, and 72˚C for 90 sec (22) . The relative amount of mtDNA to nDNA was then analysed using the ΔΔCt method.
Cell proliferation assays. To evaluate the effects of AICAR on in vitro osteosarcoma cell proliferation, we performed WST-8 cell proliferation assays using a cell counting kit-8 (CCK-8; Dojindo Inc., Kumamoto, Japan). Cells were seeded in 96-well culture plates at a density of 5,000 cells/well in 100 µl medium and incubated with various concentrations of AICAR (0-2,000 µM). At the indicated incubation times, 10 µl of the CCK-8 solution was added into each well and incubated for 1 h. Then, the optical density was measured at a wavelength of 450 nm using a Model 680 Microplate Reader (bio-Rad), and the relative number of viable cells in each well was calculated.
Immunofluorescence staining. Immunofluorescence staining was performed to verify the relationship between mitochondrial proliferation and cellular apoptosis in AICAR-treated osteosarcoma cells and implanted tumors using an APO-direct kit (bd Pharmingen, Franklin Lakes, NJ, USA) and a MitoTracker deep-Red FM (Invitrogen, Carlsbad, CA, USA) according to the manufacturers' protocols. In vitro, cells were incubated with or without AICAR and then fixed in 4% paraformaldehyde for 30 min at room temperature. Cells were incubated in the prepared dNA Labelling Solution (APO-direct kit; bd Pharmingen) for 1 h, and were then incubated in the MitoTracker deep-Red FM (Invitrogen) for 30 min. Nuclear staining was performed using a propidium iodide, and stained cells were assessed using a bZ-8000 confocal microscope (Keyence, Osaka, Japan). In vivo, tumor tissue samples were embedded in an OCT compound (Sakura Finetek Co., Tokyo, Japan), and 10-µm-thick sections were prepared on a cryostat and stored frozen at -80˚C. Sections were incubated with anti-actin antibodies (Sigma-Aldrich) diluted in PbS for 30 min at 37˚C. After washing, sections were incubated with the APO-direct kit reagents (bd Pharmingen) and the MitoTracker deep-Red FM (Invitrogen) in PbS for 30 min in a dark humid chamber at 37˚C. The nucleus was stained with the 4' ,6-diamidino-2-phenylindole (dAPI). Fluorescence images were obtained using a bZ-8000 confocal microscope (Keyence), and positive staining was semiquantified using ImageJ software.
Flow cytometric analysis. We also assessed apoptotic activity in AICAR-treated cells or implanted tumors by flow cytometry. Briefly, cells were collected from cultured cells or implanted tumors, suspended in 1% paraformaldehyde in PbS, and resuspended in ice-cold ethanol at a concentration of 1x10 6 cells/ml. Each cell pellet was labelled using the APO-direct kit (bd Pharmingen) according to the manufacturers' protocols. Fluorescent intensity was analysed using a bd FACSVerse (bd biosciences, Franklin Lakes, NJ, USA).
Statistical analysis.
Each experiment was performed independently at least three times. All values are expressed as the mean ± standard error of the mean (SEM). Comparisons between two continuous values were made using one-way analysis of variance. Post-hoc analysis was performed by Fisher's protected least significant difference test. For distributed data, p-values <0.05 were considered significant.
Results
AICAR increases AMPK phosphorylation and induces mito-
chondrial proliferation through the PGC-1α/TFAM pathway in osteosarcoma cells. We first examined the effects of AICAR on AMPK phosphorylation and mitochondrial biogenesis in osteosarcoma cells in vitro. As shown in Fig. 1 , the expression of phosphorylated AMPKα (Thr172) was strongly increased immediately after AICAR treatment in both MG63 and KHOS osteosarcoma cells (Fig. 1A and b) . Additionally, AICAR significantly increased the relative number of mtDNA copies in both cell lines (Fig. 1C) . Consistent with these results, the expression levels of the mitochondria-related genes, PGC-1α and TFAM, were increased in AICAR-treated osteosarcoma cells compared with those in control cells (Fig. 1d) . These findings strongly suggested that AICAR could induce AMPK activation and increase mitochondrial biogenesis through the PGC-1α/TFAM pathway in osteosarcoma cells.
AICAR decreases osteosarcoma cell growth and induces mitochondrial apoptosis and proliferation.
To test the effects of mitochondrial proliferation by AICAR on osteosarcoma cell growth and apoptosis, we assessed cell viability and apoptotic activity in osteosarcoma cells after AICAR treatment. AICAR showed concentration-dependent inhibitory effects on cell viability in both osteosarcoma cell lines ( Fig. 2A) . Flow cytometric analyses revealed that AICAR strongly increased the number of apoptotic cells (Fig. 2b) , and immunoblot analyses demonstrated that cleaved forms of caspase-9, caspase-3 and PARP were strongly increased in osteosarcoma cells after 72 h of treatment with 1,000 µM AICAR (Fig. 2C) . Additionally, immunofluorescence staining revealed that AICAR treatment increased the apoptotic cell numbers along with increased mitochondrial proliferation in both osteosarcoma cells (Fig. 3) . Semi-quantitative analyses of immunofluorescence positive staining showed that apoptotic cells significantly increased in AICAR-treated cells, and the relative positive staining to control was a 6.87-and a 24.6-fold increase in MG63 and KHOS cells, respectively (p<0.05). Positive staining of mitochondria also significantly increased after AICAR treatment, and the relative positive staining to control was a 3.43-and a 10.7-fold increase in MG63 and KHOS cells, respectively (p<0.05). These observations suggested that AICAR-dependent mitochondrial proliferation induced mitochondrial apoptosis in human osteosarcoma cells.
AICAR suppressed tumor growth in human osteosarcoma xenografts with increased mitochondrial apoptosis.
We evaluated the in vivo antitumor activity of AICAR using human osteosarcoma xenografts. In both osteosarcoma cell implanted models, AICAR significantly suppressed in vivo osteosarcoma tumor growth compared with the growth of control tumors (Fig. 4) . At the end of the experiment, tumor volume in the AICAR-treated group was 85.9% in MG63 (Fig. 4A) and 64.6% in KHOS (Fig. 4B ) of the volume in each control group (p<0.05). No significant loss in body weight was observed during the experimental period in either osteosarcoma cell model (Fig. 4) . In flow cytometry (Fig. 5A ) and immunoblot analyses (Fig. 5b) , increased apoptotic activity was observed in AICAR-treated KHOS tumor tissues, and the expression levels of the mitochondria-related genes, PGC-1α and TFAM, were also increased in AICAR-treated KHOS tumors (Fig. 5C) . Additionally, in immunofluorescence staining, apoptotic cells and mitochondrial proliferation were observed in AICAR-treated both osteosarcoma tumor tissues, consistent with the results from in vitro experiments ( Fig. 5D and E) . These findings suggested that AICAR could induce apoptosis via mitochondrial proliferation in human osteosarcoma in vivo.
Discussion
Osteosarcoma is the most common primary bone tumor in childhood and adolescence and is a clinically aggressive disease. Present therapeutic strategies, including a combination of chemotherapy and surgery, have been shown to improve a long-term survival in ~60-70% of cases; however, the prognosis of patients with metastatic or recurrent disease is still poor because of the lack of second-line chemotherapies (23, 24) . Therefore, new therapeutic strategies against high-grade osteosarcomas need to be established.
Mitochondria play essential roles in programmed cell death (4), and in mitochondrial biogenesis, the PGC-1α/TFAM pathway plays a crucial role in mtdNA maintenance (16) . In various human malignancies, quantitative changes in mitochondrial numbers have been observed (6) (7) (8) (9) (10) (11) , and decreased mitochondrial numbers have been reported to be associated with tumor progression and prognosis in patients with cancers (6,7). Therefore, regulation of mitochondrial dysfunction has been identified as a promising target for anticancer therapy (5). We have previously reported that mitochondrial numbers are significantly reduced in human sarcoma tissues, including osteosarcomas, and that increasing the mitochondrial numbers by forced expression of PGC-1α induces mitochondrial apoptosis in human sarcoma cell lines that exhibit decreased mitochondrial numbers (15) . Thus, because these findings suggest that decreased mitochondrial numbers may influence tumor progression in malignant musculoskeletal tumors, we hypothesized that regulation of mitochondrial biogenesis could be a potent therapeutic target for osteosarcoma.
Recent studies have highlighted the relationship between cancer cell growth and cell metabolism, and the energyregulating enzyme AMPK is thought to be a key kinase that mediates a metabolic cell cycle checkpoint (25) . In human skeletal muscle, activation of AMPK functions to maintain cellular energy stores and to switch on catabolic pathways that produce ATP, mostly by enhancing oxidative metabolism and mitochondrial biogenesis, while switching off anabolic pathways that consume ATP; AMPK also directly activates PGC-1α and regulates mitochondrial biogenesis (19) . In tumor cells, the activation of AMPK results in tumor suppression through cell cycle arrest or apoptosis following phosphorylation of p53 and FOXO3a (26, 27 ) and induction of the cyclin-dependent kinase inhibitors p21 cip1 and p27 kip1 , leading to cell cycle arrest (26, 28) . In this study, we examined the therapeutic potential of mitochondrial proliferation via PGC-1α activation by AMPK in human osteosarcoma cells.
In order to activate the AMPK/PGC-1α/TFAM axis in mitochondrial biogenesis to fight cancer by interfering with energy metabolism in cancer cells, AMPK activators, such as the guanidine derivative metformin or AICAR, have been used (29) (30) (31) (32) (33) . AICAR is a nucleoside analog, which initially was developed as a cardioprotective agent, but has a different mechanism of action than standard nucleoside analogs such as fludarabine (34) . In the 1980s and 1990s, AICAR was under development as an agent that would reduce cardiac injury associated with coronary artery bypass grafting. Although initial trials clearly demonstrated success, later trials showed a minimal efficacy as the morbidity and mortality rates associated with the procedure decreased dramatically owing to better techniques and increased familiarity with the procedures (35, 36) . When added to cultured cells or administered into animals or humans, AICAR is phosphorylated to become AICA-ribotide (ZMP), the natural endogenous intermediate in de novo purine nucleotide biosynthesis, which can function as an AMP mimic and can activate AMPK. Previous studies have shown that AICAR has anticancer effects in cancer cells (18, 30, 32, 37) . For example, in HeLa cervical carcinoma cells, AMPK phosphorylation by AICAR increases the levels of PGC-1α, NRF-1 and TFAM mRNAs, resulting in upregulation of mtdNA replication and transcription (37) . Additionally, other studies have revealed that AICAR inhibits cell proliferation and induces apoptosis in various cancer cells, including neuroblastoma (30) , colon cancer (32), breast cancer, and prostate cancer cells (18) . However, in osteosarcoma, the potential role of AMPK and/or the anticancer effects of AICAR through mitochondrial proliferation have not been addressed. In the present study, we hypothesized that AICAR could induce mitochondrial apoptosis in human osteosarcoma by increasing PGC-1α expression through AMPK activation. In in vitro studies, we proved that AICAR phosphorylated AMPK and increased the expression of both PGC-1α and TFAM, resulting in mitochondrial proliferation. Additionally, we demonstrated that the apoptotic activity was increased along with mitochondrial proliferation in AICAR-treated osteosarcoma cells. Furthermore, we showed that AICAR suppressed in vivo osteosarcoma cell growth by inducing mitochondrial apoptosis without apparent body weight loss. Our results strongly suggested that decreased mitochondrial numbers contributed to the progression of human osteosarcoma, and that improvement of mitochondrial biogenesis by AICAR through AMPK activation had anticancer effects on human osteosarcoma via induction of mitochondrial proliferation and apoptosis.
In the present study, we employed AICAR as an AMPK activator for all experiments. Another AMPK activator, metformin, which is typically the first drug used to treat patients with diabetes mellitus type 2 (38) , activates AMPK by affecting the mitochondrial complex I of the respiratory chain, leading to a drop in intracellular ATP levels (39) . Thus, metformin may inhibit the function of isolated mitochondria (40) (41) (42) (43) , while AICAR has been reported to activate mitochondrial function in skeletal muscle via direct phosphorylation of PGC-1α (19) . Additionally, metformin can induce various side effects, including onset of lactic acidosis. Therefore, in the clinical setting, metformin may not be feasible to use in patients without diabetes mellitus. In contrast, AICAR is relatively safe, as shown in clinical trials (36) . Additionally, compared with standard chemotherapies, AICAR exhibits preferential toxicity for tumor cells and does not cause substantial damage to non-tumor cells (44) .
In conclusion, we demonstrated that AICAR induced mitochondrial apoptosis via the PGC-1α/TFAM/mitochondrial pathway by AMPK phosphorylation in human osteosarcoma. To the best of our knowledge, this is the first study describing the apoptotic effects of AICAR through the AMPK/PGC-1α/TFAM axis in the mitochondrial pathway in human osteosarcoma. However, this study had several limitations. We found that AICAR could decrease in vivo osteosarcoma tumor growth but did not reduce tumor size; unfortunately, we did not assess the antitumor effects of AICAR in the context of AMPK inhibition by siRNA or AMPK inhibitors, such as compound C (30, 31) . Although further studies are needed to determine whether AICAR has sufficient effects in human osteosarcoma and to elucidate the mechanisms mediating the antitumor effects of AICAR, mitochondrial biogenesis via the AMPK/PGC-1α/TFAM pathway should be an attractive target for osteosarcoma, and AICAR may be a potent therapeutic agent for the treatment of osteosarcoma.
